To assess the long-term results of left ventricular outflow tract reconstruction utilizing an apical left ventricular to aortic valved (porcine) conduit the clinical and hemodynamic data were reviewed from 24 patients who had placement of an apico-aortic conduit. Eighteen of the patients are asymptomatic and taking no cardiac medications. Three patients were reoperated on, one patient 1.5 years after his original operation for subacute bacterial endocarditis and two patients 3 to 4 years after their original operation for severe conduit valve insufficiency. None of the patients is taking anticoagulants and no thromboembolic events have occurred. Postoperative catheterizati~nhas been performed 1 to 1.5 years (mean 1.2) after repair in 15 of 21 patients. The rest left ventricular outflow tract gradient has decreased from The use of a valved conduit to connect the apex of the left ventricle to the aorta has proved a valuable alternative for the treatment of left ventricular outflow tract obstruction not readily amenable to conventional surgery (1-8). There is limited information on the long-term follow-up of patients with a left ventricular to aortic conduit (l,2,9,10). Stansel et a1. (2) reported the late development of peripheral emobli in three of four children who received such a conduit to relieve their aortic valve disease. Other reported sequelae have included bacterial endocarditis of the porcine valve (1,2) and pseudoaneurysm formation of the left ventricular apex graft anastomosis (11). In addition, there is only limited information regarding late postoperative hemodynamics (1,2) and no information on the hemodynamic response to gree of conduit obstruction was demonstrated by catheter passage in 11 of the 15 patients. In these 11 patients, the obstruction occurred at three distant sites: at the egress of the left ventricle in 9, at the porcine valve in 5 and at the aortic to conduit junction in 1. Isometric exercise in five and supine bicycle exercise in six patients increased the left ventricular outflow tract gradient by 2.5 ± 1.1 and 20.8 ± 11.8 mm Hg, respectively, despite an increase in cardiac index of 1 ± 0.3 and 3.7 ± 0.4 liters/min per m 2 , respectively. The data suggest that a left ventricular to aortic conduit is an effective form of therapy for severe left ventricular outflow tract obstruction.
exercise in patients with an apico-aortic conduit. In this report we review the clinical course and rest and exercise hemodynamic data of 24 patients who have had an apicoaortic conduit.
Methods
Study patients (Tables 1 and 2 ). Between December 1976 and January 1982, 24 patients had their left ventricular outflow tract reconstructed using a porcine valve composite conduit to connect the apex of the left ventricle to the aorta. All 24 patients were symptomatic (syncope in 6, angina in 19 and/or severe dyspnea on exertion in 24); all had a left ventricular outflow tract that was not readily amenable to repair by conventional methods (resection of subaortic membrane or aortic valve replacement). Severe anular aortic stenosis was present in 9 patients (Cases I, 3, 5, 7, II, 12, 14, 17, 18), severe long-segment fibromuscular subaortic stenosis in 14 patients (Cases 4, 6, 8, 9, 10, 13, 15, 16, 19 to 24) and Patient 2 had the combination of severe valvular aortic stenosis and severe coarctation of the thoracic aorta. Twenty-one of the 24 patients had had one or two previous aortic valvotomies or left ventricular outflow tract operations, or both.
Surgical procedure. All surgery was performed at either the University of Michiganor the University of IndianaMedicalCenter. There were only three deaths in the group, all occurring in the immediate postoperative period: one due to unrecognized cortriatratium, one due to pseudomonas sepsis and pneumonia and one due to disseminated intravascular coagulation and low cardiac output ( Table 2 ). The 15 patients who have been followed up from 1.5 to 5.5 years (mean ± standard deviation 3.4 ± 0.3) after operation form the basis of this report. The surgical repair was performed using the techniques described by Brown and co-workers (4) (5) (6) (7) .
A woven Teflon tube graft containing a glutaraldehyde sterilized porcine valve (Hancock) of appropriate size was first sutured to the aorta utilizing a partial occlusion clamp and multiple mattress sutures buttressed with pledgets. The site of insertion was the descending thoracic aorta at the diaphragm in 16 patients in whom insertion of an apico-aortic conduit was the only procedure planned (Tables I and 2 ). A median sternotomy was used when an additional cardiac abnormality was repaired, in which case the site of anastomosis was the abdominal aorta (four patients) or ascending aorta (four patients) ( Table 3) . On cardiopulmonary bypass, a cloth-covered, rigid, angled connector (Hancock) was inserted into a hole cut in the left ventricular apex with a circular knife. This was secured with deep mattress sutures supported by pledgets, Care was taken to excise a circle of endocardium in making the ventriculotomy and to position the connector so that it projected Table I . into the left ventricular cavity several millimeters beyond the endocardium. Finally, the two prostheses were trimmed to appropriate lengths and sutured together.
Follow-up and cardiac catheterization. The hospital records, operative reports, catheterization data and angiograms were thoroughly reviewed, specific attention being paid to clinical status, chest X-ray films, electrocardiograms, urine analysis, renal scans and postoperative cardiac catheterization data. The 15 long-term survivors have had right and left heart catheterization, left ventricular angiography and descending or ascending aortic angiography, or both, 0.7 to 1.5 years (mean 1.0) after placement of the apico-aortic conduit. An additional abdominal aortogram was performed to visualize the renal arteries in 8 of 15 patients.
The f ollowing hemodynam ic measurements were made during the catheterization: I) right atrial, right ventricular, pulmonary artery, left ventricular and aortic pressures and oxygen saturations were measured in all 15 patients; 2) cardiac output was measured by thermodilution in all 15 patients; 3) sites of potential conduit obstruction were localized by pressure tracing during catheter passage through the conduit in II of the patients; and 4) supine exercise was performed by 6 patients and isometric exercise was performed by 5 patients. Supine exercise was performed using a variable resistance bicycle ergometer at a work load designed to raise the heart rate to between 140 and 160 beats/min. Isometric handgrip exercise was performed using a hand dynometer of 50% of maximal voluntary capacity.
Statistical analysis. Data are expressed as mean ± standard error of the mean. Significance was evaluated by either the Student t test or the chi-square test.
Results
Clinical course. Tables I and 2 summarize the clinical course of the 24 patients who had placement of a porcine valve composite conduit connecting the apex of the left ventricle to the aorta. There was initial symptomatic improvement in all 21 surviving patients. However, three patients (Cases 2, 4 , 6) became symptomatic (1.1, 3.5 and 3.9 years, respecti vely) after surgical placement of the apico-aortic conduit (Tables 4 and 5) .
Patient 2 developed fever, shortness of breath, paroxysmal nocturnal dyspnea and three pillow orthopnea 14 months after surgery. Although blood cultures were negative, he received two demonstrated both a large extracardiac space and a change in angulation of the conduit with the left ventricle. At reoperation, it was found that the apical stent had partially detached from the left ventricle and had produced a large pseudoaneurysm cavity that occupied the lower third of the left hemithorax. Because the pseudoaneurysm of the apical anastomotic site was thought to be the result of endocarditis, the conduit and pseudoaneurysmcavity were removed. The conduit was transected about 6 cm from the aorta and oversewn and the left ventricle apex closed. The aortic anulus was then extensively enlarged and a 9A 1260 Starr-Edwards prosthesis inserted. The patient had an uneventful postoperative course and has remained asymptomatic for the past 2 years.
Patient4 developed a new murmur of conduit valve (porcine) insufficiency 3 years after placement of the apico-aortic conduit. Over the next 6 months, he developed shortness of breath and angina. Because of increasing symptoms he underwent a second postoperative cardiac catheterization (Table 5) . At reoperation, the conduit was cross clamped and divided and the porcine valve removed. Examination of the valve revealed complete degeneration of the leaflets (no calcification was noted). A new 20 mm porcine valve conduit was then sutured into position. The patient had an uneventful postoperative course and has remained asymptomatic for the past 3 months.
Patient 6 was asymptomatic for 3.9 years after placement of the apico-aortic conduit, when a new murmur of conduit (porcine) valve insufficiency was noted. Over the next 3 months she developed dyspnea on exertion and syncope. At a second postoperative catheterization performed at another institution severe conduit valve insufficiency and an 82 mm Hg left ventricular outflow tract gradient were noted. Left ventricular angiography at both postoperative catheterizations demonstrated that the apical prosthesis was improperly positioned with the orifice of the stent directed toward the interventricular septum. During systole, the apical portion of the left ventricle nearly obliterated the orifice of the apical stent. She subsequently underwent reoperation at the other institution. At reoperation, the apico-aortic conduit was ligated; an aortoventriculoplasty was performed (the aortic anulus and ventricular septum were incised and a 12 x 3.5 cm Cooley- 
None of the 21 surviving patients had received any anticoagulant therapy after placement of the apico-aortic conduit.
There has been no clinical or laboratory evidence of peripheral emboli in any of the patients as documented by: physical examination and normal urine analysis in all; normal renal scan in nine and normal renal angiography in nine patients who underwent these examinations. None of the patients has any clinical or laboratory evidence of hemolysis.
Postoperative cardiac catheterization. This procedure was performed 0.7 to 1.5 years (mean 1.0) after placement of the apico-aortic conduit in 15 of the 21 surviving patients (Table 3 ). All 15 patients exhibited a decrease in peak left ventricular outflow tract gradient from 102.5 ± 20.5 mm Hg before operation to 14.8 ± 9.9 mm Hg after operation (p < 0.001) (Fig. 1) . The site of residual left ventricular outflow tract obstruction was identified by catheter pullback in 11 of the 15 patients. Obstruction in these patients tended to be in three distinct areas: the proximal end of the conduit (junction of the apical stent with the left ventricle) in nine patients, the porcine aortic valve in five and the distal end of the conduit (junction of the conduit with the aorta) in one. More than one site of obstruction was present in five patients (Fig. 2) . In addition to a reduction in rest left ventricular outflow tract gradient, placement of the apico-aortic conduit resulted in a significant decrease in left ventricular end-diastolic pressure (from 13.5 ± 2.8 to 11.8 ± 7.8 mm Hg) (p < 0.05) and a small increase in cardiac index (from 3.59 ± 1.08 to 3.83 ± 1. 17 liters/min per rrr') (p < 0.05).
The hemodynamic response to exercise was evaluated in 8 of the 15 patients, supine bicycle exercise in 6 patients and isometric handgrip exercise in 5 patients (3 patients had both types of exercise) (Tables 4 and 6 ). In seven of the eight patients, exercise caused only a small increase in left ventricular outflow tract obstruction despite an increase in cardiac index of 5 to 140% (Fig. 3) . In 
Discussion
The long-term clinical follow-up of our 21 survi ving patients with an apico-aortic conduit has been good. Eighteen of the 21 patients have experienced marked symptomatic improvement during the 0 .5 to 5 years of follow-up ; all are at present asymptomatic and receiving no medications or anticoagulant agents.
Complications of apico-aortic conduits. Endocarditis (l ,2) , thromboembolic events (2), pseudoaneurysm formation of the left ventricular ape x graft anastomosis ( 11) and porcine valve deterioration (l 2-16) are the four well recognized complications of apico-aortic conduits. Four of our patient s have developed one of these complications. In Patient 2, the partial disruption of the apical ana stomo sis with pseudoaneurysm formation was believed to be due to endocarditis. In the other three patients (Cases 3, 4 and 6), conduit valve insuffic iency developed 3 to 4 years after placement of the apico -aortic conduit. In two of these patients (Cas es 4 and 6), the porcine valve insufficiency was severe enough to require reop erat ion , although in the third patient (Case 3), it does not appear to be hemodynamically significant.
We have observed no thromboembolic events in any of our patients and none are receiving any anticoagulant agents. In contrast, Stansel et a!. (2) orifice of the stent directed toward the interventricular septum and nearly 50 % obstructed by left ventricular muscle (Fig. 4) .
The exercise factor or relation between the change in oxygen consumption and cardiac index with supine exercise was normal in all six patients (6 .7 ± 0 .6 liters/min per ml oxygen) . With bicycle or hand grip exercise , or both , stroke Values are mean ± standard error of the mean; 6.CI~change 10 cardiac index, 6. HR~change in heart rate; 6.LV·Ao~change in left ventricular to aortic systolic gradient; 6.LVEDP~change in left ventricular end-diastolic pressure namic results. All have had significant decreases in rest left ventricular outflow tract gradient and left ventricular enddiastolic pressure and a small increase in rest cardiac index. One year postoperatively, rest left ventricular outflow tract gradients ranged from 0 to 32 mm Hg (mean 14.8 ± 9.9).
Conduit obstruction and valve insufficiency. The conduit obstruction was documented by catheter passage in 11 of 15 patients to occur at three sites: at the egress of the left ventricle , at the porcine valve and at the aortic to conduit junction, with obstruction proximally at the egress of the left ventricle the most common site (9 patients). Malorientation of the apical stent with respect to the long axis of the left ventricle in two patients was responsible for this proximal conduit obstruction (Fig. 4) . Because only 1 of the 11 patients experienced any distal conduit obstruction (at the aortic anastomotic site) , the location of the distal aorticconduit anastomotic site does not seem to be critical. Finally, five patients exhibited only mild obstruction (5 to 10 mm Hg) at the level of the porcine valve.
Conduit (porcine) valve insufficiency subsequently developed in three patients. Recent reports by Geha (12), Saunders (13), Rocchini (14) and their co-workers and by others (15, 16) have documented that children have a high incidence of early porcine xenograft dysfunction. However , in contrast to these reports , the major cause of xenograft dysfunction in our patients with a left ventricular apicoaortic conduit was porcine valve insufficiency , not porcine valve calcification and stenosis. Exercise testing to detect left ventricular outflow obstruction. Exerci se testing at the time of postoperative cardiac catheterization was used in eight patients to evaluate the relation between increasing cardiac output and increasing degree of left ventricular outflow tract obstruction. Despite large increases in cardiac output, only one patient developed a significant increase in left ventricular outflow tract obstruction. In this patient (Case 7), supine bicycle exercise testing demonstrated that improper positioning of the orifice of the left ventricular stent resulted in a dynamic form of severe left ventricular outflow obstruction.
We have no data on which to base recommendations for optimal conduit and stent size, but our findings suggest that a 16 mm stent and 18 mm valved conduit are large enough to provide the adolescent patient adequate relief of left ventricularoutflow tract obstruction, both at rest and with exercise.
Conclusions and recommendations. Our clinical experience over 5 years with valved apico-aortic conduits for primary or recurrent left ventricular outflow tract obstruction has been very good. Our results have shown that the procedure is well tolerated, relieves signs and symptoms of left ventricular outflow tract obstruction and permits a normal hemodynami c response to exercise. At present, the major limitation of this procedure appears to be the incidence of porcine xenograft dysfunct ion. As with other operation s for left ventricular outflow tract obstruction, the apico-aortic conduit is not a curative procedure . However, unlike other operations , such as an aortoventriculoplasty (Cono operation), the extracardiac location of the valved conduit makes it ideal for reoperation on a malfunctioning prosthetic valve and permits future surgical procedures on the native left ventricular outflow tract. Therefore, despite its limitations, we recommend the placement of an apico-aortic valved conduit as the procedure of choice for any symptomatic patient whose left ventricular outflow tract is not or has never been amenable to repair by conventional surgical methods, such as aortic valve replacement or resection of subaortic stenosis. 
